Abstract: One of key technologies of 5G mobile networks is introducing small cells to supplement existing macrocells, and this results in heterogeneous networks. In this letter, we investigate criteria for cell association in heterogeneous networks, focusing on performance-oriented and fairnessoriented criteria. Through numerical evaluations, we reveal that employing the fairness-oriented criterion, i.e., maximizing the minimum throughput among users realizes both high throughput of whole networks and fair throughput sharing among users. 
Introduction
Introducing small cells, such as picocells and Wi-Fi networks, to supplement existing macrocells, which gives rise to heterogeneous networks [1, 2] , is one of key technologies of 5G mobile networks.
Cell association, which selects a base station (BS) to connect for each user, in a heterogeneous network is difficult due to its heterogeneity on cell sizes, wireless transmit power, and media access control [1] . We refer to devices that use the networks as users, hereafter. While existing studies propose cell association approaches [3, 4] , their targets are networks consisting of slow cellular cells, such as 3G macrocells, and fast and small cells, such as femtocells and Wi-Fi networks; and hence their results may not be applicable to a heterogeneous network consisting of many fast cells.
This letter investigates criteria for selecting appropriate BSs as the first step to understand cell association in a heterogeneous network. To achieve this, we formulate cell association in a heterogeneous network as an optimization model, focusing on performance-oriented and fairness-oriented objectives, and investigate the performance of cell association by using the formulated model.
The contributions of this letter are mainly twofold: First, we formulate cell association in a heterogeneous network consisting of LTE and Wi-Fi BSs. Second, we reveal that maximizing the minimum throughput among users realizes both high throughput of the entire network and fair throughput sharing among users.
System model
We consider a network consisting of several BSs, b 2 B, which are either LTE or Wi-Fi BSs. Each user, u 2 U, connects to one of the BSs, and the decision is denoted by x u;b . If u connects to b, x u;b ¼ 1, and otherwise x u;b ¼ 0. Cell association is equivalent to determine x u;b so that objectives, which are described in Section 3.1, are satisfied.
We assume that the throughput of a user is determined by two factors, the transmission rate of the user and the resources allocated to it, in the same way as the formulation in [3] . The transmission rate F u;b is defined as the ideal transmission rate of user u if all the resources of BS b are allocated to u. The throughput of u is calculated as F u;b y u;b , where y u;b (0 y u;b 1) denotes the ratio of resources of BS actually allocated to u. How resources of BS b are allocated, y u;b , depends on media access control of LTE and Wi-Fi, which is modeled in Section 3.2.
Formulation

Modeling objective functions
Since realizing both performance and fairness is one of fundamental research issues, and hence this letter focuses on performance-oriented and fairness-oriented objectives.
Regarding the performance-oriented objective, we adopt the total throughput of all BSs and users, which is one of the major performance metrics, as many studies employ it [3, 4] . The objective function that maximizes the total throughput of all BSs and users is formulated as follows:
Regarding fairness-oriented objective, we focus on the minimum throughput, which is defined as the throughput of a user whose throughput is the minimum among all users, and it is formulated as follows: maximize min u2U;b2B
The intuition behind this metric is that differences in the throughput of users becomes small by maximizing the minimum throughput.
Modeling media access control 3.2.1 Modeling proportional-fair scheduler
We assume that resources of LTE BSs are allocated to users by proportional-fair schedulers. A proportional-fair scheduler for a multi-carrier system, P, must satisfy the following condition [5] :
where C u is the resources allocated to user u under scheduler S, and R u;k is the transmission rate of u over resource k. R u is the average transmission rate of u at the previous scheduling slot, and T is the average window size. Under the assumption where F u;b does not change over time, the resources are allocated to all users equally. The assumption is reasonable since the average intervals between changes in SNR values measured with a smartphone is more than a few seconds [6] , which is relatively long compared to the scheduling slot time of LTE (1 ms). We hence assume that F u;b does not change during data transmission, thereby the ratio of resources allocated to u is formulated as
where n b ¼ P v2U x v;b is the number of users connecting to BS b.
Modeling CSMA/CA
Wi-Fi BSs conform to the IEEE 802.11 protocol, which use CSMA/CA, and therefore the ratio y u;b for a Wi-Fi BS is equivalent to the probability that each user obtains the channel of the BS through random access without collision. We use an analytical model [7] , which derives the probability (p b ) of the channel of Wi-Fi BS b being used for transmitting data without collision as follows:
This model considers three states: 1) the state where no user uses the channel, 2) the state where exactly one user obtains the channel and transmits packets on the channel successfully, and 3) the state where collision occurs. p b is derived with the probabilities of the channel being in the three states (p I , p S , and p C ) and the average time of the channel being in the three states (T I , T S , and T C ). T I , T S , and T C are determined by the IEEE 802.11 protocol. p I , p S , and p C are derived, using the probability that the backoff timer of a user is expired (τ), as follows:
the condition where the throughput of b is maximized, τ is derived as
. The detailed derivation is omitted here, and interesting readers can refer to [7] .
Since all users under Wi-Fi BS b access its channel randomly, the ratio of resources of b obtained by user u, y u;b is formulated as
3.3 Modeling cell association By using the above-described models, cell association is formulated as a mixed integer programming problem:
subject to
Eqs: ð4Þ and ð6Þ 8u 2 U; 8b 2 B ð10Þ
Eq. (7) is the objective function, and either Eq. (1) or Eq. (2) can be applied. Eq. (8) constrains that each user connects to at most one BS. Eq. (9) constrains that the total amount of resources allocated to users must be smaller than one. Finally, Eq. (10) constrains the ratio of resources allocated to a user, and either Eq. (4) or (6) is applied depending on the type of BS b.
Evaluation
Evaluation conditions
We use a network consisting of one LTE BS with 2.0 GHz carriers of 20 MHz bandwidth and one IEEE 802.11ac Wi-Fi BS with one spatial stream of 20 MHz bandwidth. They are 40 m apart, and 40 users are deployed between them. The transmit power of the LTE and Wi-Fi BSs are set to 13 dBm and 10 dBm, and the receive power is computed with the Friis transmission equation. The transmission rate of users F u;b under the LTE BS is computed with the method used in [6] . F u;b under the Wi-Fi BS is computed according to the IEEE 802.11ac specification. To derive p b in Eq. (5), we use constants in the IEEE 802.11ac specification and those in [7] .
Numerical results
We evaluate the total throughput and the minimum throughput by changing the number of users connecting to the Wi-Fi BSs from 1 to 20, as shown in Fig. 1 . In the case that we solve the optimization problem with the objective of maximizing the total throughput (Eq. (1)) and the minimum throughput (Eq. (2)), the number of users connecting to the Wi-Fi BS is 20 and 11, respectively. These results suggest that maximizing the total throughput degrades the minimum throughput.
Next, we conduct simulations to evaluate the total and minimum throughput in the case that a cell association algorithm that adopts the criterion to maximize either the total or minimum throughput is performed. In the simulations, requests for transmitting data arrive according to a Poisson process of rate 1 (requests/min) for each user and the size of the data is exponentially distributed with mean 5 MB.
The results are shown in Fig. 2 . Error bars represent 95% confidence intervals. If the cell association algorithm chooses the total throughput as its criterion, the number of users in the Wi-Fi BS will be 20, as shown in Fig. 1 , and thus both the total and the minimum throughput are low. In contrast, if it adopts the minimum throughput as its criterion, both the total and minimum throughput is high. These results suggest that the minimum throughput is a candidate criterion for cell association to realize the both high throughput and fair throughput sharing.
Conclusion
This letter formulates cell association in a heterogeneous network consisting of cellular and Wi-Fi networks as an optimization model, focusing on maximizing the total throughput of all networks and the minimum throughput among users. Our simulation results show that maximizing the minimum throughput realizes fair throughput sharing among users with keeping the throughput of all networks high. This observation will help in developing heuristic algorithms for cell association in heterogeneous networks.
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